INTRODUCTION
Dengue is a vector-borne disease caused by one of four dengue virus (DENV) serotypes (1, 2, 3, and 4) that all circulate in hyperendemic areas. 1 Infection with one serotype provides short-term cross-immunity against the other serotypes but could increase the risk of severe disease in the longer term on secondary infection with a heterotypic serotype. 1, 2 Most DENV infections remain asymptomatic, but clinical disease can be caused by each of the DENV serotypes, ranging from mild febrile disease to plasma leakage and circulatory failure (dengue hemorrhagic fever [DHF] and dengue shock syndrome [DSS] ). 3 Severe dengue disease remains a leading cause of child hospitalization and death in several Asian countries, with case fatality rates over 1% in some of these areas. 1 In the absence of a curative treatment and sustainable vector control, the best option for the reduction of dengue is a safe and efficacious vaccine. 1 Multiple dengue vaccine candidates are currently being tested in clinical trials, with the chimeric tetravalent live attenuated YF-17D vaccine being the most advanced in phase IIb. 4, 5 Although infants have the highest risk of severe disease and death on DENV infection, 3, 6 this age group is currently not targeted in clinical vaccine trials. A vaccine may not be as immunogenic in infants compared with older children because of a reduced memory response and circulating maternal antibodies. 7, 8 Maternal antibodies have been associated with reduced efficacy of multiple vaccines such as live measles vaccine, 9 oral poliomyelitis vaccine, pertussis, diphtheria and tetanus toxoids, 10 Haemophilus influenzae conjugate vaccine, and hepatitis A vaccine. 7 Maternal antibodies are also thought to contribute to the pathogenesis of severe dengue disease in infants because of antibody-dependent enhancement (ADE). 2, 11 In vitro studies have shown increased viral uptake by antibody-presenting cells in the presence of non-neutralizing levels of heterotypic antibodies. 2, 12 Recent studies have indicated that, in addition to ADE, T-cell activation by heterotypic serotypes may be another important factor in dengue pathogenesis. 13, 14 In infants, maternal dengue antibodies that have declined below neutralizing levels could enhance primary infection, explaining a peak of severe dengue disease between 6 and 8 months of age. 11, 15 It is generally agreed that a tetravalent dengue vaccine will be required to minimize the risk of ADE on DENV infection after vaccination. 4, 16 Multiple studies on maternal dengue antibodies have been conducted previously to assess (1) the association between maternal antibodies and severe dengue in infants 13, 17, 18 and (2) the proportion of infants with detectable dengue antibody levels at different ages. [19] [20] [21] [22] [23] Both are essential pieces of information for decisions regarding the optimal age of vaccination against dengue. These studies indicated that DHF occurred in most infants after maternal plaque reduction neutralization test (PRNT) declined to below 1:20 or 1:50 and that maternal PRNT levels at birth were associated with the age of infants at the time of presentation with DHF. 13, 17, 18 In terms of persistence, these studies found that less than 50% of infants had detectable maternal antibodies against dengue at 6 months of age, and almost no infants had detectable antibodies at 12 months of age. 19, 21 Many of the above studies had to make projections of maternal antibody levels in infants based on rough assumptions of (monophasic) log-linear decay rates and persistence. It is unclear if these represent patterns in the majority of infants, because no study assessed the heterogeneity of decay rates between infants. Although the proportion of infants with detectable antibody levels at different ages is known, the underlying longitudinal antibody kinetics remain unknown. More insight in these kinetics will allow better assessment of the optimal age for dengue vaccination, particularly opportunities for infant vaccination.
We used data collected during a cohort study conducted by Mahidol University among infants in Bangkok to study maternal dengue antibody decay rates and persistence times. We found that PRNT levels in infants decayed in two phases Abstract. Maternal dengue antibodies are important in determining the optimal age of dengue vaccination, but no study has quantified the heterogeneity of antibody decay and persistence in infants. We used longitudinal regression methods and survival analysis to measure decay and persistence times of serotype-specific neutralizing antibodies in 139 infants in Bangkok. A biphasic decay pattern was found with half-life times of 24-29 days between birth and 3 months and 44-150 days after 3 months. Atypical decay rates were found in 17% of infants for dengue virus-1 and -4. Median persistence times of plaque reduction neutralization tests > 10 ranged from 6 to 9 months. Persistence times for individuals could not be predicted based on antibody values at birth. Vaccination against dengue before 12 months of age would be ineffective if maternal antibodies at plaque reduction neutralization test levels below 80 interfere with vaccine uptake. Projections of average antibody persistence based on values at birth should be avoided in studies on dengue pathogenesis in infants.
and that PRNT levels at birth, although associated with decay rates, did not predict persistence times.
MATERIALS AND METHODS
Data collection and serology. Data collected previously in a cohort study of infants in Bangkok were used in this analysis. This study was not considered human subjects research, because pre-existing, deidentified data were used and no additional data were collected. Detailed information on data collection has been provided previously. 21 In short, 219 mothers and their infants were enrolled at birth between November 2000 and March 2001 at the Rajavithi hospital in Bangkok. Of these, 139 infants were followed at 3-month intervals during the first year of life and at 18 and 24 months of age. A questionnaire was completed at birth and each visit, a general physical exam was conducted, and blood was drawn for serology. Serological testing was conducted at Mahidol University. Dengue immunoglobulin G (IgG) monoclonal indirect enzyme-linked immunosorbent assay (ELISA) and dengue IgM capture ELISA were modified from Shu and others 24 using a protein A-based purified dengue complex monoclonal antibody (2H2) as coating material and flavivirus nonimmune serum as control.
A serotype-specific 50% PRNT (PRNT 50 ) was done according to Russell and others. 25 PRNT 50 assays of all samples from each infant were done simultaneously to minimize variation within infants caused by the assay. Throughout this article, reciprocal PRNT titers will be reported. Dengue infections were defined as seroconversion (detection of IgM) or a greater than or equal to fourfold increase of PRNT 50 values against any serotype.
Estimation of antibody decay rates. The analysis of antibody decay for each DENV serotype was conducted using PRNT values from infants that had detectable values (PRNT ≥ 10) against a serotype at birth and no serologic evidence of dengue infection during the follow-up period. Infants were excluded from follow-up after PRNT declined to below 10.
All PRNT values were log-transformed as log 10 (PRNT + 1). Because no exact values could be retrieved for PRNT < 10, these values were estimated by extrapolating the decay rate of the previous interval in the same infant through the last PRNT value that could be detected for that infant. This method of replacement affected the average decay rates the least (contrary to replacement by any single value). Negative estimates were replaced by zero. Projections ≥ 10 were replaced by 9.99, and values < 10 at 3 months of age were replaced by 5.
Antibody decay rates were estimated separately for each DENV serotype using a longitudinal model that included a linear model for the mean and a parametric model for the covariance structure. 26 For the mean decay rate, a linear regression model was fitted using the log-transformed PRNT value as a dependent variable and age in months as a predictor variable.
The model was allowed to determine different decline rates for different age intervals by inclusion of linear splines as predictor variables. Various combinations of multiple linear splines that separated different age intervals were compared in an iterative process during which the best-fitting model for the mean was determined using Akaike's information criterion (AIC) and likelihood ratio testing. Spline variables were kept in the model only if they indicated a statistically significant difference in decline rate between two age intervals. This method was used to allow a completely data-driven determination of age intervals without any a priori assumptions. A linear model (instead of an exponential model) was selected to allow comparison of outcomes with other studies on dengue antibody decay.
Models for the covariance structure included a parameter to adjust for heteroscedasticity of residual variance over time and a parameter to adjust for the serial correlation between measurements within each infant. The best-fitting model for the covariance structure was determined using likelihood ratio testing, and the goodness of fit to the autocorrelation function and the empirical variogram was determined according to Diggle. 26 Detection of atypical decay patterns. The influence of each infant on the average decay rate was estimated by fitting the model excluding one infant at the time (leave one out validation) and measuring AIC and the sum of residuals. The decay pattern for an infant was considered atypical if the standardized residuals for that infant were not between −2 and 2 and if the change in AIC or the sum of residuals after leaving that infant out was lower than the 25th percentile minus 1.5 times the interquartile range (IQR) or higher than the 75th percentile plus 1.5 times the IQR of the distribution (outliers).
Estimation of persistence times. The persistence of PRNT levels above four different cutoff values (10, 20, 50, and 80) was estimated using Kaplan-Meier survival analysis with loglog confidence intervals. Survival analysis allowed the use of information on persistence times from those infants that were lost to follow-up at some point during the study (right censoring).
For each cutoff, the median survival (persistence) time in months was estimated, and for those infants with events (PRNT decline under the cutoff value), the mean persistence time could be estimated. To obtain the most precise estimates, persistence times were measured using the exact age in months of each infant at different follow-up visits instead of the follow-up month itself. Finally, the association between PRNT values at birth and PRNT persistence times was studied using linear regression. The difference between the predicted and observed persistence times was calculated to estimate how well PRNT values at birth predicted persistence times.
Statistical analysis was done using the R system version 2.9.2 using the nlme package version 3.1-93 for longitudinal models and the survival package for survival analysis.
RESULTS
One hundred thirty-nine infants were included at birth for follow-up until their PRNT values became undetectable. Fortyone infants (30%) were lost to follow-up during the 24-month study period. No differences in demographic indicators were found between infants that were lost to follow-up and those who remained in the study. Fourteen infants (10%) met the serologic criteria for DENV infection and were excluded from the analysis. Table 1 provides the number of infants in the cohort at each follow-up visit and the number with detectable PRNT values.
Per serotype, Table 1 lists the geometric mean titer (GMT) of detectable PRNT values at each follow-up visit; 116 infants had detectable PRNT values at birth against DENV-1, 116 infants had detectable PRNT values at birth against DENV-2, 114 infants had detectable PRNT values at birth against DENV-3, and 110 infants had detectable PRNT values at birth against DENV-4. At 6 months of age, 50% of the birth cohort had detectable PRNT values against DENV-1 with a GMT of 35 (95% confidence interval [CI] = 29-43). In comparison, 35% of infants had remaining detectable values against DENV-2, 35% of infants had remaining detectable values against DENV-3, and 5% of infants had remaining detectable values against DENV-4. Of a total of 119 infants with detectable PRNT values against any serotype at birth, 108 (91%) infants had antibodies against all four DENV serotypes, whereas 5 infants had antibodies against three serotypes, 3 infants had a bivalent antibody titer, and 3 infants had a monovalent antibody titer.
Antibody decay rates. For each serotype, a longitudinal regression model was fitted to estimate the average decay rates while adjusting for the correlation between measurements within each infant. Infants with decay patterns that disproportionately influenced the average (atypical patterns) were identified by leave one out validation. For DENV-1 and -4, model fits (and average decay rates) for atypical patterns were statistically significantly different from non-atypical patterns. Figure 1 displays decay patterns for individual infants with and without atypical patterns. Table 2 provides model estimates. The decay rate between birth and 3 months was faster compared with rates at later ages for all serotypes. For DENV-1 and -2, an additional distinction was made between decay in the 3-to 9-and 9-to 18-month intervals. In the first interval after birth, decay rates ranged from −0.31 to −0.37 logs per month (half-life = 24-29 days). In the second age interval, decay rates were much slower at −0.19, −0.21, and −0.19 logs per month for DENV-1, -2, and -3, respectively, and −0.06 logs per month for DENV-4 (halflife times 48, 44, 48, and 150 days, respectively). In the last age interval, decay rates were not statistically significantly different from zero for DENV-1, -2, and -4.
Decay rates of PRNT against DENV-1 and -4 were most markedly different between atypical and non-atypical patterns in the 3-to 9-month age interval. These rates were two times as slow for DENV-1 (−0.08 versus −0.19 logs/month) and two times as fast for DENV-4 (−0.13 versus −0.06 logs/month). Although decay rates in this age interval were statistically significantly different between atypical and non-atypical patterns, they were not statistically significantly different from zero.
PRNT decay rates depended on values at birth. We found a highly statistically significant association between PRNT values at birth and decay rates for all DENV serotypes. Infants were grouped in four quartiles of antibody levels at birth (quartile one for the lowest levels). Results are provided in Table 3 . For each quartile increase, the decay rate increased with 0.12 logs per month for DENV-1 (95% CI = 0.08−0.15) and with 0.09 (95% CI = 0.06−0.11), 0.10 (95% CI = 0.07−0.13), and 0.12 (95% CI = 0.09−0.15) logs per month for DENV-2, -3, and -4, respectively ( P < 0.0001).
Antibody persistence. Although decay rates provide information on the heterogeneity of antibody kinetics within and between infants, they do not inform on persistence times, which is of particular use in determining the optimal age for vaccination. The time of PRNT persistence (survival) was estimated using a survival analysis in which PRNT decline below a cutoff was considered an event and the age of the infant was used to measure time. Persistence was estimated using various cutoff values: 10, 20, 50, and 80. Figure 2 provides the Kaplan−Meier survival curves for persistence of PRNT against each DENV serotype.
The proportion of infants with PRNT against DENV-1 persisting above a cutoff value of 10 for longer than 3 months was 97%, and it was 70% for persistence beyond 7 months, 17% for persistence beyond 10 months, and 3% for persistence beyond 13 months. Persistence was shorter for PRNT against other DENV serotypes. For DENV-2 and -3, persistence over 7 months was found in 51% of infants, and for DENV-4, it was found in 12% of infants. Figure 2 indicates that PRNT values persisted markedly shorter for cutoff values of 20, 50, and 80. For example, PRNT values against DENV-1 persisted above a cutoff value of 50 for more than 7 months in 30% of infants and above a cutoff value of 80 in only 15% of infants. Table 4 provides the median antibody persistence times for the entire cohort and the mean for those infants for whom an event was recorded. The median persistence time of PRNT above a cutoff of 10 or 50 for DENV-1, -2, and -3 was 9 and 6 months, respectively, and 6 and 2.4 months for DENV-4. The corresponding mean persistence times were 8.9 and 6.3 months for DENV-1, 7.8 and 5.5 months for DENV-2, 7.7 and 5.7 months for DENV-3, and 5.3 and 3.3 months for DENV-4. PRNT values at birth did not predict persistence times. We also investigated the dependence of antibody persistence times on PRNT values at birth using a linear regression. For each log increase of PRNT values against DENV-1 at birth, persistence of these antibody levels increased with 1.6 months (95% CI = 0.9-2.3 months). For each log increase of PRNT against DENV-2, -3, and -4 at birth, persistence increased with 1.9 months (95% CI = 1.3-2.5 months), 1.3 months (95% CI = 0.8-1.9 months), and 0.6 months (95% CI = −0.2 to 1.4 months), respectively.
Although PRNT values against DENV-1, -2, and -3 at birth were statistically significantly associated with persistence times, prediction of persistence based on values at birth failed because of large variance between infants. In Figure 3 , the model estimates and 95% CIs of persistence times based on the PRNT values at birth are compared with the actual observed persistence times. For DENV-1, only 28% of the observed values fell within the confidence limits of predicted persistence times compared with 28%, 21%, and 11% for DENV-2, -3, and -4, respectively.
DISCUSSION
Dengue vaccine candidates are in an advanced stage of development, but because of a potential reduction of vaccine efficacy by maternal antibodies in infants and a reduced memory response, this age group is currently not targeted for vaccination. Maternal dengue antibodies are also thought to play a significant role in dengue pathogenesis among infants. The objective of this study was to provide more insight in maternal dengue antibody kinetics among infants and implications for the age of vaccination and studies on dengue pathogenesis in infants.
In this study, a longitudinal model was used to assess the heterogeneity of dengue antibody decay patterns within and between infants. Antibody persistence times were estimated by survival analysis. Most infants had neutralizing antibodies against all four serotypes at birth, with similar GMT for Table 3 Average change in decline rates of log 10 (PRNT + 1) per quartile increases in PRNT levels at birth Figure 1 . PRNT values by age and model fits for infants with and without atypical patterns for DENV-1, -2, -3, and -4. Average decay rates were statistically significantly different between atypical and non-atypical patterns for DENV-1 and -4. For all serotypes, PRNT values in atypical patterns were mostly higher than in non-atypical patterns. For DENV-1 and -3, examples of antibody increases can be seen that were too small to be considered serologic evidence of dengue infection but too large to be within range of the average variance.
DENV-1, -2, and 3. DENV-4 antibody levels at birth were lower, reflecting the lower level of circulation of this serotype in the years before the study. 6 For all DENV serotypes, antibody decay rates were statistically significantly faster between birth and 3 months of age compared with the next age interval. Half-life times for DENV serotypes ranged between 24 and 29 days in the first phase compared with 44-150 days in the second phase. In a previous study among 2,716 infants in the Philippines, the half-life time of PRNT 50 against DENV-3 was estimated at 38 days (95% CI = 34-42 days). 13 A cohort study in Thailand determined a half-life time of 41.2 days for hemagglutination inhibition (HI) titers against DENV, and another study in Vietnam found a half-life of 42 days for DENV IgG. 18, 19 Decay rates between birth and 3 months of age found in our study were much higher than those described above, and they were somewhat slower in the second phase. It is commonly known that antibody titers decay exponentially, with decay rates decreasing over time. After log transformation, however, a linear pattern would be expected. Monophasic linear decay rates of log-transformed antibody levels have been used widely to assess the role of maternal antibodies on dengue pathogenesis, for example, by projecting antibody levels from values at birth to titers at the time of infection. 11, 13, 17, 18 Even after log transformation, a biphasic PRNT decay as well as a statistically significant association between decay rates and PRNT levels at birth found in our study could both be explained by faster decay rates at higher PRNT levels. Log transformation did not entirely normalize the distribution of PRNT values caused by extreme skewness in the nonlog-transformed values. This finding may be a particular characteristic of antibody levels measured by PRNT versus other assays. More detailed longitudinal analysis on such patterns in decay of IgG and HI titers would be required to ensure that Figure 2 . The proportion of infants with PRNT persistence beyond given time periods using four different cutoff values. This figure indicates a similar proportion of infants with persistence of PRNT beyond 3 months for DENV-1, -2, and -3 but persistence beyond 6 months for a higher proportion of infants for DENV-1 compared to the other serotypes. It also indicates that, if a slightly higher cutoff would be used (e.g., 50 or 80), a very low proportion of infants persists beyond 6 months. valid projections and assumptions will be made in future studies. Use of monophasic decay rates could lead to overestimates of antibody values at specific ages (at 3 months in our study). Biphasic decay rates should be considered in studies that project antibody levels in infants. We detected a large heterogeneity of PRNT decay patterns between infants illustrated by atypical patterns found for DENV-1 and -4 in 17% of the sample. Because the average decay in these infants was statistically significantly different from other infants, these deviations cannot be solely explained by variation in the assay. It is unknown what caused the atypical patterns in almost one-fifth of the sample. Figure 1 indicates that these patterns included many instances of antibody increase. Although these values were smaller than fourfold and no IgM was detected, these increases could have been caused by infant antibody production in response to asymptomatic flavivirus infections. Large amounts of maternal antibody in young infants may not entirely prevent viral uptake by antigen-presenting cells, resulting in a limited amount of infant antibody production. This finding would also explain some very long persistence times of antibody (> 12 months) found in this study. Some infants may already have acquired some immunological memory at a very young age, which may lead to a boosted instead of reduced vaccine response.
In addition to decay rates, we also estimated antibody persistence times, which are more informative on the optimal age of vaccination. Because the exact age of infants was used to measure persistence times compared with the month of followup, the proportion of infants persisting beyond a certain month can be different from the percentage of infants with PRNT above a cutoff as presented cross-sectionally in Table 1 . For example, an infant of 10 months at the 9-month follow-up visit could have PRNT < 10 at follow-up month 9 but actually have PRNT persistence beyond 9 months of age (time of event is 10 months). Because a few months can make a substantial difference in estimating the optimal age of vaccination in infants, we preferred to use of the actual age versus the follow-up month itself. In addition, survival analysis was used to adjust for infants lost to follow-up by excluding censored observations from the denominator after censoring, whereas in Table 1 , the entire birth cohort was consistently used as the denominator.
We found that persistence times of PRNT levels were greatly dependent on the cutoff value used and that they cannot be predicted based on values at birth because of the large amount of heterogeneity. PRNT levels against DENV-1 persisted above a cutoff value of 10 for more than 7 months in 70% of infants compared with 15% for a cutoff value of 80. These persistence times were much longer than those reported, for example, by Chau and others 20 on a cohort in Vietnam. The PRNT values at birth were much lower in that cohort, indicating that comparisons can only be made between cohorts with similar antibody levels at birth given the dependency of persistence times on PRNT values at birth.
It is unclear what value of PRNT would reduce vaccine efficacy. Some studies suggested that antibodies would be neutralizing above PRNTs of 20, 50, or 80. 13, 18, 27 In our study, persistence above a cutoff value of 10 for longer than 12 months was estimated in 3% of infants for PRNT against DENV-1. If maternal antibodies would reduce vaccine efficacy at PRNT above 10, dengue vaccine should be given after the first year of life for optimal efficacy. If vaccine efficacy would only depend on maternal antibodies and if these antibodies would only affect a vaccine above PRNT of 50 or 80, full efficacy could be expected in 50% of infants at 6 months and 75% or 85% at 9 months, respectively.
We found statistically significant associations between PRNT values at birth and persistence times for DENV-1, -2, and -3. However, because of the large heterogeneity, PRNT values at birth could not be used for prediction of PRNT persistence times. Only 25% or less of the observed values was captured by the predicted persistence times and their 95% CIs. This heterogeneity was also illustrated by the atypical decay patterns described above. Projections of average persistence times (similar to projections of the age at which certain PRNT levels would occur) should be avoided in studies on dengue pathogenesis. Estimates or measurements for individual infants should be used instead.
Our estimates of antibody decay and persistence were constrained by the measurement of PRNT levels at follow-up visits only, providing snapshots of a continuous process. For that reason, persistence times all hover around 3, 6, 9, and 12 months. This finding would occur in any study of a continuous process using such snapshots. More closely spaced observations would have provided more detailed information but would also pose major logistical challenges.
We considered 3-month follow-up visits sufficient for meaningful inference on antibody decay and persistence.
A total of 41 infants were lost to follow-up in the 24-month study period (30%). Because demographic indicators, including age, were not different in these infants compared with the rest of the cohort, no bias was introduced in our study results. PRNT results have been recognized to vary significantly depending on the conditions of the assay. 28 In our study, PRNT assays of all samples from each infant were conducted in the same run to minimize variability within infants. Analytical techniques were used to separate random variation from statistically significant differences. Although comparability with other studies using PRNT may be limited because of assay variation, the qualitative conclusions would be expected to remain unchanged. Furthermore, neutralizing antibody titers are determined by more factors than antibody concentration only, such as avidity or affinity. Because PRNT values are still considered the best measure of dengue immunity, we used this assay to allow inference on the decay and persistence of immunity as well as on an approximation of antibody concentration assuming that other determinants of PRNT remain relatively constant over time.
Based on this in-depth assessment of longitudinal antibody kinetics in infants, there seems to be little opportunity for an immunogenic vaccine response among infants before the peak of severe disease at 6-8 months. Such opportunity would only exist if maternal antibodies would start affecting vaccine immunogenicity above PRNTs of 80. Additional work will be required using longitudinal methods to explain the large heterogeneity in antibody decay rates and persistence, particularly the atypical patterns.
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